Die castings are prone to contain considerable porosities due to the entrapment of air or gases in the molten metal during mold filling. Reducing the die filling velocity is effective for reducing the entrapment, but it increases surface defects, such as surface folds and cold shut on die castings.
Introduction
Die casting is being applied to the manufacturing process of an increasing number of components owing to the distinguished productivity for castings of intricate shapes. However, metallic molds used for die casting are severely damaged by heavy thermal loads associated with the injection of molten metal at high temperature and high pressure (up to 70 MPa). A strong clamping force for the mold is required in order to handle such high casting pressures. As such, large die casting machines are required for large die castings, which increases production costs. Therefore, if defects that arise from decreases in casting pressure are be controlled, decreasing the die casting pressure will be an effective method of reducing production costs. 15) At the same time, gas porosities generally occur in die castings from the entrapment of air and gases into the molten metal due to violent flow during high-velocity injection. 68) Extending the low-velocity injection time has been reported to be an effective method of reducing the amount of entrapped gases and air. 6, 8) However, a large temperature drop in the molten metal due to a long injection time gives rise to other defects, such as surface folds, cold shut, even misrun. 9, 10) Therefore, it is necessary to clarify the causes and conditions of surface defects in order to perform die casting under optimal conditions. Aluminum alloy die castings for silicon content lower than that of JIS AD12.1 aluminum alloy (referred to hereinafter as AD12.1 alloy) is also required due to the diversification of needs with respect to the properties of die casts. The solidification type changes as the content of silicon decreases, and this change may affect the castability of the alloys.
In the present study, focusing on the solidification behaviors of molten metal in the mold during injection, the surface qualities of die castings were examined in relation to the temperature of the molten metal in the mold and the solidification type of alloys of different silicon contents under various injection conditions.
Experimental Method
Schematic diagrams of the experimental die castings are shown in Fig. 1 . Two types of die castings were used in the present study. One is a ¥-shaped die casting having a width of 16 mm, a thickness of 4 mm and a length of 460 mm, as shown in Fig. 1(A) , and the other die cast is a reverse U-shaped die casting, both sides of which are connected to the biscuit, as shown in Fig. 1(B) . Die casting experiments were performed using a mold of each type of die casting mounted to a vertical injection die casting machine. AD12.1 alloy and JIS.AC4C aluminum alloy (referred to hereinafter as AC4C alloy) were used for the type A experimental die casting. The compositions of AD12.1 alloy and AC4C alloy are Al11 mass%Si2.34 mass%Cu 1.2 mass%Mg and Al7 mass%Si0.3 mass%Mg, respectively, and the liquidus temperatures are 837 and 883 K, respectively. Molten metal was poured into a sleeve that was thermally insulated by Kaowool sheet (a sheet of ceramic fibers made by Isolite Insulating Products Co., Ltd.) linings and was first injected into the cavity by two-step injection at a low velocity of 0.03 m·s ¹1 followed by a high velocity of 0.7 m·s ¹1 . The injection was shifted from the low-velocity step to the high-velocity step when the tip of the flowing molten metal reached a point 180 mm from the top surface of the biscuit. Die casting experiments were performed under casting pressures ranged from 30 to 65 MPa and injection temperatures of the molten metal ranging from 883 to 999 K. The injection temperature of the molten metal was estimated based on the initial temperature, the cooling curve in the sleeve of the molten metal and the injection time. The temperature of the molten metal during mold filling was measured using a thermocouple installed in the cavity at a point of 80 mm from the top surface of the biscuit. Surface fold defects 11) were observed in some of the die castings, as shown in Fig. 2(a) . The surface fold defects were quantitatively assessed according to the area of the dented surface of the die casting, which was measured from the binary image of the surface, as shown in Fig. 2(b) . The micro-and the macro-structures of the low-velocity and the high-velocity filled portions were examined by cutting the die casting at positions a and b shown in Fig. 1(A) .
The type B experimental die casting was made of AC4C alloy at injection temperatures ranging from 963 to 1,003 K. The temperatures of the molten metal in the cavity during mold filling were monitored using thermocouples installed at the positions shown in Fig. 1(B) . The displacement of the plunger was measured based on the electrical resistance variation of a potentiometer fixed to the injection cylinder. The defects, such as surface folds, cold shuts and misrun, were assessed according to the appearance of the upper part of the die casting, which corresponds to the meeting point of the molten metal flows in the experimental die casting.
The temperature measurements of the present study were conducted using a detachable quick-response thermosensor, 12) which consisted of a ¤ 0.1-mm C.A. type thermocouple protected by a ceramic insulator. The thermo-sensor was installed in the mold such that its tip was positioned at the center of the cavity in the thickness direction. In order to confirm the sensitivity of the thermo-sensor, temperature measurements were also conducted using an undetachable type used in previous studies 8, 9) and a ¤ 0.3-mm C.A. type thermocouple and the obtained results were compared to those obtained using the thermo-sensor.
Experimental Results and Discussion

Sensitivity of the quick-response thermo-sensor
The cooling curve of the experimental die casting A as pure aluminum was injected into the cavity at the melting point of 933 K and a casting pressure of 65 MPa is shown in Fig. 3 . The temperature measured by the stationary thermosensor began to increase 0.02 s after the start of mold filling and reached a peak temperature of 868 K in 0.1 s. While the temperature of the detachable thermo-sensor began to rise as soon as the molten aluminum was injected into the cavity and reached a peak temperature of 933 K. The time for reaching the peak temperature varied with the diameter of the thermocouple wires and was 0.03 s for the thermocouple with ¤ 0.3-mm wires and 0.015 s for the thermocouple with ¤ 0.1-mm wires. That is to say, the detachable thermo-sensor consisting of ¤ 0.1-mm wires can measure the molten metal temperature with a response time of 0.015 s.
Solidification behavior of molten metals during mold
filling and the surfaces of die castings AD12.1 alloy die castings made with different injection temperatures of molten metal are shown in Fig. 4 . The cavity was completely filled with AD12.1 alloy, even when the injection temperature of the molten metal was decreased to 883 K (with a superheat of 46 K from the liquidus temperature). However, for such a low injection temperature of molten metal, surface fold defects were observed on the surface of the low-velocity filled portion of the die casting, as indicated by the arrows in Fig. 4 . The surface fold defects were prevented by increasing the injection temperature of the molten metal to 943 K (with a superheat of 106 K based on the liquidus temperature). The mold filling behavior of AC4C alloy ( Fig. 5 ) was found to have the following features. The molten metal filled only 50 mm of the cavity for an injection temperature of 923 K (superheat: 40 K). Although the filling length in the cavity increased with the increase in the superheat of the molten metal, a superheat of 60 K (molten metal temperature: 943 K) was still not sufficient for the metal to completely fill the entire cavity. The cavity was eventually filled completely with the molten metal of a superheat of 70 K. Unlike AD12.1 alloy, no surface fold defects were observed on the surface of AC4C alloy die castings, even the incompletely filled die castings. In other words, for the same superheat of molten metal, the occurrence of surface defects such as surface folds, misrun, etc., differ greatly for different alloy die castings.
The micro structures of the cross sections of lowvelocity injection (Figs. 1-A, a) and high-velocity injection (Figs. 1-A, b) portions of die castings of different alloys are shown in Fig. 6 . For AD12.1 alloy, the cross section of the low-velocity injection portion was observed to have a structure consisting of two layers, i.e., dendrites of primary aluminum crystals with large secondary arm spacing in the area just beneath the surface and dendrites with comparatively small secondary arm spacing in the internal area. In contrast, only single-layer structures were observed in the high-velocity injection portion. The cross section of AC4C alloy die castings features a gradual enlargement of the crystal grains of primary aluminum from the surface to the center with a dispersion of a few large grains.
The molten metal temperatures in the cavity, as shown in Fig. 1 -A, during mold filling are shown in Fig. 7 (the moment at which the plunger was started was taken as the start time) for AD12.1 and AC4C alloys for a casting pressure of 30 MPa. For AD12.1 alloy injected at 883 K, the molten metal temperature was kept at 831 K during the low-velocity injection stage, but increased to 852 K, which is higher than the liquidus temperature, as the injection velocity shifted to the high-velocity injection stage. For AC4C alloy, which was injected at 953 K, the molten metal cooled gradually during low-velocity injection. Although the temperature of the molten metal exhibited a small increase after the injection was shifted to the high-velocity injection stage, the temperature of the molten metal never reached the liquidus temperature of AC4C alloy.
The difference between the structures of AD12.1 and AC4C alloy die castings will be discussed based on the temperature changes of molten metals in the cavity during mold filling as illustrated above. AD12.1 is a typical alloy that undergoes skin-formation solidification in the cooling process. Although the temperature of molten metal initially decreased during low-velocity injection, there was no further decrease in temperature when the molten metal began to solidify due to the latent heat brought about by the AlSi eutectic solidification. Therefore, a solid layer is considered to form on the surface of the cavity during flowing due to its skin-formation solidification feature. When the injection shifted to the high-velocity stage, subsequently injected hot molten metal flowed into the inside of the solid layer that had formed on the surface of the cavity during the lowvelocity injection stage. At the end of mold filling, the pressure in the cavity began to increase and pushed against the solid surface layer, strengthening the contact with the surface of the cavity and promoting thermal conductance between the solid layer and the surface of the cavity. As a result, the molten metal inside the solid layer was rapidly cooled and formed fine primary aluminum crystals with small secondary dendrite arm spacing. At the low-velocity injection stage, the thermal conductance between the solid layer and the cavity surface was comparatively weak, thus coarse primary aluminum crystals were considered to form. In the case of AC4C alloy, the structures of the die castings forming in both the low-and the high-injection velocity stages contained the same coarse primary aluminum crystals. AC4C alloy is a typical alloy exhibiting the mushy solidification feature. In AC4C alloy, the amount of primary aluminum crystals increases in proportion to the temperature decrease of molten metal from the liquidus temperature. Therefore, the primary aluminum crystals in the flowing molten metal increased with the decrease in temperature and the mold was filled with molten metal in the mushy state. The above-described behaviors of the molten metal of AC4C alloy are the same for the low-and the high-velocity injection processes. The observed mixing structures of large and small primary aluminum crystals in the AC4C alloy die castings are assumed to be formed by solidifying the large and small primary crystals during and after mold filling, respectively.
The secondary dendrite arm spacings in the area near the surface and at the center in the thickness direction in the low-velocity portion of AD12.1 alloy die castings are shown in Fig. 8 . The secondary dendrite arm spacing is independent of the casting pressure in the area near the surface, but decreases with the increase in casting pressure at the center in the thickness direction. In other words, as mentioned above, the solid surface layer formed during the low-velocity injection stage was not affected by the pressure exerted at the end of mold filling, whereas the solidification of the inner molten metal that flowed in after the shift of the injection velocity was influenced by the casting pressure. Thus, the secondary dendrite arm spacing decreased with the increase in the casting pressure due to the more rapid cooling.
The secondary dendrite arm spacings of the coarse and fine primary aluminum crystals in the cross sections of lowand high-velocity injection portions of AC4C alloy die castings are shown in Fig. 9 . The coarse primary aluminum crystals can be observed in both the low-and the highvelocity injection portions, and the secondary dendrite arm spacings are approximately the same. The secondary arm spacings of the fine primary aluminum crystals increase toward the center of the cross section, and this tendency is the same for both the low-and the high-velocity injection portions. This result supports the assumption that the molten metal is strongly cooled due to the start of the pressure increase at the end of mold filling. In other words, unlike AD12.1 alloy, in which high-velocity molten metal flows into the cavity inside the low-velocity molten metal, in the case of AC4C alloy, the subsequently injected molten metal containing primary aluminum crystals pushes the molten metal injected during the low-velocity injection stage, and the metals flow together. In order to confirm the above assumption, the plunger was withdrawn during the process of the low-velocity injection, and the structure of the die casting was investigated. The appearance and the cross section of the die casting are shown in Fig. 10 . A hollow cross section appears in the lowvelocity injection portion of the AD12.1 alloy die casting. This hollow cross section is considered to form as the molten metal flows out, leaving a solid surface layer when the plunger is withdrawn. However, in the case of AC4C alloy, such a hollow cross section was not observed, and no molten metal flowed out. That is to say, the molten metal in the cavity did not have sufficient fluidity to flow out and thus remained in the cavity and solidified after the plunger was withdrawn because of the mushy solidification of the AC4C alloy. Therefore, the difference of the structures in the cross sections of AD12.1 and AC4C alloy die castings can be contributed to the differences in skin solidification and mushy solidification, which occur around eutectic compositions and in the area of hypoeutectic compositions, respectively.
The relationship between the area of surface fold defects and the thickness of the solid surface layer is illustrated in Fig. 11 for AD12.1 alloy die castings. The macro-structure of the low-velocity injection portion (injection temperature: 913 K, casting pressure: 50 MPa) near the thermo-sensor and the position for measuring the thickness of the solid layer are also given in Fig. 11 . The solid surface layer that forms during the low-velocity injection becomes thicker as the injection temperature of the molten metal decreases, and the area of the surface fold defects increases with the increase in the thickness of the solid surface layer. For the same thickness of the solid surface layer, the area of the surface fold defects decreases with the increase in the casting pressure. In other words, the surface fold defects of AD12.1 alloy die castings are considered to form during the solidification of the solid surface layer during the lowvelocity injection stage and do not occur if the solid surface layer is thinner than 0.2 mm. If the thickness of the solid surface layer is greater than 0.2 mm, it is necessary to increase the casting pressure so as to prevent surface fold defects.
3.3 Temperature of the flowing molten metal in the cavity and the cold shut defect The above experiments revealed that the alloy formed by mushy solidification tended to have a short flow length and was prone to cold shut defects in die castings. In order to clarify the formation of cold shut defects, AC4C alloy was cast by using the mold shown in Fig. 1-B under various conditions. Specifically, the appearances of the die castings were inspected and compared with the molten metal temperatures at the merging point of the cavity.
The molten metal temperature, casting pressure and plunger displacement are shown in Fig. 12 for the case in which AC4C alloy was cast with a molten metal temperature of 963 K, an injection velocity of 0.26 m·s ¹1 and a casting pressure of 65 MPa, where the start time is defined as the time at which the mold closing is finished. The plunger began to move at 0.064 s, and the molten metal reached the thermosensor installed in the lower region of the cavity (hereinafter referred to as the lower thermo-sensor) at 0.088 s. The lower region thermo-sensor exhibited a peak temperature of 904 K Plunger press. Plunger displ. at the time of 0.01 s after touching the molten metal. The molten metal reached the thermo-sensor installed in the upper region of the cavity (hereinafter referred to as the upper thermo-sensor) at 0.1 s, and the upper thermo-sensor exhibited a peak temperature of 867 K at the time of 0.02 s after touching the molten metal. The plunger eventually stopped moving at 0.13 s. The temperature of the lower thermo-sensor was always higher than that of the upper thermo-sensor during mold filling, i.e., molten metal of a higher temperature than that of the upper region continued to flow through the lower region of the cavity during the mold filling. Each thermo-sensor had a response time of 0.015 s and exhibited a peak temperature within 0.02 s after touching the molten metal. By defining the temperature indicated by the thermosensor at the time of 0.2 s after touching the molten metal as the temperature of the tip of the molten metal, we calculated the temperature of the molten metal upon first arriving at the center of the apex of the cavity. Specifically, we extrapolated the tip temperature based on the relationship between the filling fraction of the cavity and the flowing distance of the molten metal. Figure 13 illustrates the temperature decrease of the tip of flowing molten metal injected under various casting conditions. The temperature of the molten metal upon arriving at the center of the apex of the cavity is estimated to fall to as low as 803 K under an injection temperature of 993 K and an injection velocity of 0.20 m·s
¹1
. When the injection velocity was increased to 0.26 m·s
, the molten metal temperatures at the moment of reaching the center of the apex were estimated to be 840 and 863 K for injection temperatures of 963 and 993 K, respectively, i.e., the temperature decrease was not so large. Comparing the above-estimated temperatures of the tip of the molten metal at the merging point revealed that the temperature drop of the molten metal in the cavity was more significantly affected by the injection velocity than the injection temperature of the molten metal.
The investigation results for surface fold and cold shut defects of AC4C alloy die castings are shown in Fig. 14 , together with the temperature of the molten metal at the merging point when varying the injection velocity and injection temperature of the molten metal. The defects were quantified by measuring the areas of the dented portions on the surfaces of die castings. Photographs of appearances near the merging point of the die castings (apex of the cavity) are also shown in Fig. 14. For the case in which the molten metal temperature is estimated to be 803 K upon merging at the center of the apex of the cavity, the apex of the cavity is not fully filled and the die casting has a misrun defect. The above result can be easily explained by considering the fact that the temperature of 803 K is below the liquidus temperature of AC4C alloy. Therefore, the estimated temperature of the molten metal upon first arriving at the center of the apex of the cavity can be considered to be a reasonable value. For the case in which the molten metal temperature is estimated to be 843 K upon merging at the center of the apex of the cavity, although the apex of the cavity is almost fully filled, the molten metals do not adhere to each other and an obvious cold shut is left on the die casting. When the tip temperature of the molten metal on merging is as high as 858 K, molten metals adhere well to each other and only a minor cold shut is observed. Thus, the extent of the cold shut can be considered to depend on the tip temperature of the molten metal when merging at the center of the apex of the cavity. It can be concluded that if the tip temperature of the molten metal when merging at the center of the apex is higher than 858 K, no surface defects will occur. If the tip temperature decreases to a value lower than 858 K, cold shut defects will begin to occur and will deteriorate as the tip temperature decreases further.
Conclusions
Surface fold and cold shut defects of die castings were investigated with respect to the temperature of molten metal during mold filling through experimental die casting. Based on the results, we present the following conclusions.
(1) For AD12.1 alloy, the molten metal solidifies from the wall of the mold cavity toward the center of the cross section, forming a solid surface layer during mold filling. If the temperature of the molten metal decreased too much, the solid surface layer becomes thicker and the contact with the cavity wall weakens, resulting in surface fold defects. The critical thickness of the solid surface layer at which surface fold defects form was found to be 0.2 mm for AD12.1 alloy. (2) For AC4C alloy, solid phase crystallizes and increases inside the molten metal as the mold filling proceeds, and the cavity is filled with molten metal in the liquidsolid coexisting state. For alloys formed by mushy solidification, some liquid metal remains in the vicinity of the cavity wall, even at the end of mold filling and the contact between the cavity wall and the surface of the die casting is strengthened by the casting pressure, and thus, no surface fold defects occur. (3) In the mold filling process of AC4C alloy, the temperature decrease of the molten metal increases with the flow length in the cavity and close to the tip of the molten metal flow. The cold shut defects that occur in alloys formed by mushy solidification depend on the temperature of the molten metal and begin to occur as the tip temperature of the molten metal flow decreases to a low threshold value.
